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Extended valley lifetime and giant energy
splitting induced by chiral plasmon-valley
exciton selective coupling

JiaheLiu 1,2, FeihongLiu1, TingyangXing1, YifanWang1, Zhiwei Peng1, LiangGuo2,
Chen Hu 3,4, Wang Yao 5,6,7, Xiang Zhang 7,8 & Dangyuan Lei 1,9

The broken inversion symmetry in monolayer transition metal dichalcogen-
ides (TMDs) permits light of specific helicities to address valley-polarized
excitonic states, which could serve as inherent information carriers. Achieving
large valley energy splitting and long valley lifetimes at room temperature is
essential for practical valleytronic applications, yet remains challenging due to
strong intervalley interactions. To tackle this, we coupled a single chiral plas-
monic nano-resonator with monolayer MoS2 to prolong the latter’s valley
polarization through chiral plasmon-valley exciton selective coupling. Our
findings show that the selective coupling significantly prolongs the valley
exciton population contrast lifetime in the coupled MoS2, originating from
valley energy splitting inducedby the selective coupling that breaks the energy
degeneracy between the valleys. The experimental results are further corro-
borated by an effective model, revealing distinct coupling strengths for the K
and K0 valleys and a strong relation between plasmon-exciton energy detuning
and valley polarization. This work offers new possibilities for information
encoding and storage by exploiting the valley degree of freedom in cavity-
coupled low-dimensional semiconductors.

The electronic band structure of crystals defines the dispersion rela-
tion between electrons’ energy and crystal momentum. A “valley”
refers to a local minimum in the conduction band or a local maximum
in the valence band, introducing an additional degree of freedom for
electrons beyond charge and spin1,2. Exploring this valley degree of
freedom drives advancements in valleytronics and optoelectronics3–5.
Group VI monolayer transition metal dichalcogenides (TMDs), with
direct band gaps in the visible and near-infrared spectrum, host valley-
specific interactions between circularly polarized light and excitonic
states in the degenerate valence band (K and K0) due to strong spin-
orbit coupling andbroken inversion symmetry6–8. The electronic states

in the K (K0) valley can be designated as valley-pseudospin up (down),
providing the basis for binary information encoding through the
manipulation of exciton population in either the K or K0 valleys9.

Although valleys in TMDs hold great promise for information
processing applications, the intervalley exchange interaction10,11 and
phonon-assisted scattering constitute the rapid valley
depolarization12,13, which deprives the information fidelity. In experi-
ments, the photoluminescence (PL) from valley excitons serves as a
mechanism for reading valley information, mirroring the circular
polarization (CP) characteristics of incident light. Consequently, the
degree of circular polarization (DCP) of the PL, defined by Iðσ + Þ�Iðσ�Þ

Iðσ + Þ+ Iðσ�Þ,
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can represent the degree of valley polarization. However, the depo-
larization inducedby intervalley interactions substantially deprives the
DCP of PL, posing a challenge for valley-based applications.

Metallic nanostructures act as versatile nano-optical resonators
that generate intense subwavelength fields via surface plasmon (SP)
excitation14. Various nanostructures-including single chiral
nanoparticles15, metallic gratings16, and plasmonic gapmodes17–20-have
been used to enhance the PL DCP of monolayer TMDs. The enhanced
DCP is typically attributed to the chiral Purcell effect21 and plasmonic
enhancement15,17–20. Nevertheless, the existing methods shorten the
valley lifetime, which poses a new obstacle towards valleytronic
applications.

When the coherent energy exchange rate between a quantum
emitter and an optical cavity is sufficiently larger than their respective
damping rate, they enter the strong coupling regime, forming exciton
polaritons with extraordinary properties22,23. Strong coupling has been
demonstrated in various systems and shows potential for maintaining
the valley polarization24,25, but the depolarization is still dominant due
to degenerate energy branches in the two valleys since the coupling is
not valley-specific. Therefore, a deeper understanding of selective
coupling between chiral nanostructures and valley excitons is needed.
Recently, bottom-up synthetic methods have enabled scalable fabri-
cation of three-dimensional chiral nanoparticles26, notably gold
nanohelicoids (GNHs). These nanoparticles, featuring highly twisted
structures with deep, narrow gaps, significantly enhance local elec-
tromagnetic fields and support high-order plasmonic modes. Their
intrinsic chiral optical properties in both absorption and emission,
along with a straightforward aqueous seed-mediated synthesis guided
by amino acids or peptides, simplify chirality control compared to
nanoscale-patterned metasurfaces27–30. Consequently, GNHs offer a
promising platform to investigatemicroscopic and dynamic processes
under valley-selective strong coupling conditions.

In this work, we report a prolonged valley lifetime and giant valley
energy splitting of monolayer MoS2 in a chiral plasmon-valley exciton
coupling system and explore the dynamic nature using time-
integrated and transient spectroscopies. The chiral plasmonic GNHs
were designed and synthesized to exhibit strong circular absorption
and emission contrast near the A-exciton energy of MoS2. In the GNH-
coupled system, energy splitting was observed in the scattering
spectra, and PL measurements showed an increase in DCP accom-
panied by a valley splitting of 19 meV. Transient reflectivity (TR)
measurements and electron dynamic calculations reveal that this PL
DCP enhancement stems from a significantly prolonged valley exciton
density contrast lifetime as well as giant valley splitting in the coupled
MoS2. Moreover, our theoretical calculations quantify the selective
coupling strengths and assess the chiral cavity’s influence on the two
valleys in detail. These results validate a selective couplingmechanism
that enhances valley polarization and deepen our understanding of
plasmon-coupled valley exciton behavior.

Results
Selective strong coupling system of a GNH andmonolayer MoS2
The selectively coupled system is composed of a single GNH (diameter
~ 140 nm) placed on top of monolayer MoS2, as shown in Fig. 1a. The
MoS2 monolayer was mechanically exfoliated from synthetic bulk
crystals onto PDMS stamps, and then dry-transferred onto SiO2/Si
substrates (with SiO2 thickness of 200 nm). Subsequently, the GNHs
were drop-casted onto the monolayer MoS2. The intrinsic helicoid
structure of GNHs shown in Fig. 1a inset is a favorable prospect for
chiral optical manipulations. As shown in Fig. S1a, our synthesized
GNHs possess both high circular dichroism (CD) and absorption
around the A-exciton energy of monolayer MoS2. Moreover, the elec-
tric field distribution in Fig. S1b demonstrates the localized and chiral
patterns when subjected to illumination by circularly polarized
light (CPL).

In such a plasmon-exciton coupling system where both modes
possess spin or pseudospin selectivity, the coupling effect is particu-
larly intriguing. As shown in Fig. 1b, the chiral SP mode establishes a
one-to-one correspondence with the spin state of incident photons,
and can selectively couple with excitons carrying the identical pseu-
dospin directionwithin a specific valley. Specifically, when the coupled
system is excited with right-handed circularly polarized (RCP, similarly
LCP for left-handed case) light, the right-handed GNH with the chiral
plasmonic mode in correspondence to spin-up photons selectively
couples with the valley-pseudospin-up excitons in the K valley of
monolayer MoS2. Despite the intervalley interactions, the selective
coupling leads to a higher carrier density in the K valley than that in the
K0 valley, resulting in the observed strongly σ + polarized emission. In
contrast, the intervalley interactions result in nearly equal static valley
exciton densities and emission for the off-GNH pristine monolayer
MoS2, shown in Fig. S5.

To explore the coupling, we analyzed the dark-field scattering
spectra and characterized the induced energy splitting. Figure 1c
shows the energy branches in the scattering spectra (Fig. S8) as a
functionof the energydifference (detuning) between the SP resonance
mode Ep and the exciton mode E0. When the number of excitons
interacting with a cavity surpasses the quantum threshold associated
with the cavity mode volume, the plasmon-exciton coupling mechan-
ism can be effectively described by the coupled-oscillator model
(COM)31 to characterize ourmeasured energy splitting in the scattering
spectra. Numerous studies have validated the reliability of the COM in
depicting static plasmon-exciton coupling phenomena23,32,33. The
Hamiltonian of coupled oscillators for one SP mode with an excitonic
state can be expressed as:

Ep � i γp2 g

g E0 � i γ02

 !
α

β

� �
= E

α

β

� �
ð1Þ

where Ep, E0 are the energies of the SP mode and the A-exciton of the
monolayer MoS2, and γp, γ0 are their corresponding damping rates. α
and β are the eigenvector components that represent the fraction of
mixing states in this hybrid system. However, the helicoid structure of
the GNHs produces multiple SP modes due to the complex surface,
which appear as broad hybrid peaks in the scattering spectra. Here, we
focused on a narrow spectral region around the coupling dip and
approximated the involved SP mode as a single Lorentzian mode. The
experimental energies of the upper and lower polariton branches (UPB
and LPB) were obtained by fitting the scattering spectra of multiple
single-particle GNHs with two Lorentzian peaks corresponding to
varying plasmon resonance energies.

Following the mode splitting induced by the coupling effect, PL
spectraof the systemwere investigated to verify the valley polarization
enhancement. As illustrated in Fig. 1d, the coupling system exhibits a
DCP value of 41.8%, significantly higher than 4.1% observed in the off-
GNH case (Fig. S5). The full width at half maximum (FWHM) of the PL
spectra increases from ~ 90 meV to ~ 150 meV, accompanied by
different peak red-shifts for σ + and σ − components of emission. This
indicates a line-width broadening effect and the emergence of lower
polariton emission due to excitonic state splitting, which will be fur-
ther discussed.

Valley-specific dynamics by transient reflectivity
The observed valley polarization enhancement can be further
explained through CP-resolved TR spectroscopy, which monitors the
change in valley exciton densities over time. Figure 2a, b display the
decay dynamics of uncoupled and coupled valley excitons in mono-
layer MoS2 pumped by σ + light, respectively. The green connected
dots stand for the exciton density in the K valley probed by σ + light,
and the red connected dots stand for that in the K0 valley probed by σ −
light. Compared to the uncoupled case, the coupled system shows
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modulated decay rates (details in Fig. S10) and a remarkable valley
contrast when probed with light of opposite helicities. Moreover, the
overall TR signal intensity of the GNH-coupled system is also
enhanced. As shown in Fig. S9, the TR signal for the σ + (σ − ) probe is
enlarged by about 7 (4) folds in the first few picoseconds under the
same pump-probe condition, which means the chiral plasmonic reso-
nator boosts the circular contrast of the optical response of mono-
layer MoS2.

In order to get a deeper insight into the coupling phenomena, we
propose the valley-selective strong couplingmodel combinedwith the
experiment data to calculate the decay dynamics in the two valleys.
The total Hamiltonian in our model can be expressed as:

HT =H0 +Hex +Hc +V

=ℏ
X
i, τ

ωi, τB
y
i, τBi, τ +ω

0
i, τD

y
i, τDi, τ

� �

+
X
i, j

X
τ, τ0

M ex
i, j, τ, τ0B

y
i, τBj, τ0 +

X
τ

ℏωτa
y
τaτ

+ℏ
X
τ

gτ By
A, τaτ +BA, τa

y
τ

� �
:

ð2Þ

Here, H0, Hex, Hc and V stand for the Hamiltonian of the excitons,
exchange interactions, cavity, and exciton-cavity interactions, respec-
tively. The subscript i =A,B represents different excitonic states; in our
framework, we consider only the 1s state of A- and B-excitons. The
subscript τ = ± 1 is the valley index, where τ = 1 corresponds to excitons
in the K valley and τ = − 1 corresponds to excitons in the K0 valley. The
operatorsBy

i, τðDy
i, τÞ represent the annihilationofbright (dark) excitons,

while Bi,τ(Di,τ) represent the creation of bright (dark) excitons. The
symbols ωi, τðω0

i, τ Þ denote the angular frequencies of the respective
excitons. The first term corresponds to the intrinsic energy of the
excitons, and the second term represents the electron-hole exchange
interaction, details of which for the exchange elementsM ex

i, j, τ, τ0 can be
found in the Supplementary Information (SI) Section II Part A. The
third term is the energy of the optical cavity, with ay

τ ðaτÞ being the
creation (annihilation) operator of photons with polarization τ. The
fourth term involves the interaction between photons and excitons,
considering the rotating wave approximation (RWA), where gτ is the
coupling strength between photons and τ-valley excitons.

Based on the total Hamiltonian, the corresponding decay
dynamics can be theoretically derived by considering this open sys-
tem’s evolution as a Markov process and obtaining the Lindblad

Fig. 1 | Selective couplingof a single GNHandmonolayerMoS2. a Illustration of a
single GNH coupled to MoS2 monolayer. The orange-red pattern at the GNH-MoS2
interface indicates the plasmonic electric near-field distribution in the chiral GNH
under RCP illumination. The top-right inset shows an SEMmicrograph of the GNHs
used in our experiments, with a scale bar of 150nm. b Schematics of a chiral
plasmon-valley exciton coupling system, where the chiral plasmonic mode corre-
sponding to helicity-up photons (green sphere) in theGNH selectively couples with
excitons in the K valley of MoS2, resulting in a higher exciton density under RCP
excitation, despite the valley depolarization (grey arrow). c Energies of UPB (blue)

and LPB (red) for the GNH-MoS2 coupling system as a function of the energy
detuning between theGNHSPmode Ep and theMoS2 A-exciton E0. The solid curves
are calculated by the coupled oscillatormodelwith energy splittingofℏΩ= 79meV.
The black dashed line shows the energy of the excitonmode. The green dashed line
shows the energies of the GNH SP mode Ep. d CP-resolved PL spectra of the
plasmon-exciton coupling system under illumination by an RCP (σ + ) laser at
1.96 eV. The green and red curves indicate the RCP and LCP (σ − ) components of
the emission, respectively.
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master equation using standard methods (SI Section II Part D)34. The
decay dynamics measured in Fig. 2a, b can be roughly attributed to
three processes, with the lifetimes of τ1, τ2, and τ3 from short to long,
corresponding to surfacedefect trapping, electron-phonon scattering,
and direct electron-hole recombination, respectively (SI Section I Part
D). The calculated decay dynamics of each valley are shown as solid
curves in Fig. 2.We start from3ps after the excitons are pumped in our
calculations, so the shortest τ1 is not considered. The τ2 and τ3 for both
uncoupled and coupled cases are set as 6 ps and 40 ps, respectively.
The values are determined by referring to the exponential fitting
parameters obtained in Fig. S10a. As we introduce the strong coupling
effect (coupling strengths: g(K) = 40 meV, gðK0Þ = 24 meV, referring to
the energy splitting) to the coupled case, the calculated curves by
theory are consistent with the experiment data. This also proves that
the prolonged τ3 in our system originates from strong coupling35.

We evaluate the exciton distribution and valley polarization
dynamics in the coupled system, revealing the robustness of the PL
DCP and its origin. Specifically, the DCP for exciton densities, calcu-
lated as rðσ + Þ�rðσ�Þ

rðσ + Þ+ rðσ�Þ, is used to quantify the valley exciton distribution
over time. As shown in Fig. 2c, the exciton density difference of GNH-
coupledMoS2 ismaintained at DCP of ~ 0.35 for over 120 ps regardless
of the intervalley interactions at room temperature. We apply an
exponential decay function to extract the valley polarization
lifetimes36, showing an extension from 21 ps (off-GNH case) to 693 ps
(on-GNH case). Theoretical calculations further indicate that the valley
exciton density contrast in the coupled system persists for over a
nanosecond (Fig. S9), whereas in pristine monolayer MoS2, it drops to
near zero within hundreds of femtoseconds. The prolonged lifetimeof
the valley excitons and their density contrast indicate that the
enhanced valleypolarization arises fromselective strong couplingwith
the nano-resonator. Our experimental observations, including the
energy splitting and the ultrafast dynamics, are well-explained in the-
ory under the strong coupling regime.

The strict criterion for strong coupling is determined by the
energy splitting (coupling strength) and the loss rate of the system37.
When Ep = E0, the Rabi splitting energy ℏΩ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4g2 � ðγ0 � γpÞ2=4

q
is

obtained fromEq. (1)38. In ourwork, the Rabi splitting ofℏΩ ≈ 79meV is
observed, and the damping rate of the SP mode that couples with the
exciton is γp ≈ 174meV. The system has not reached the strict criterion
of ℏΩ > (γ0 + γp)/2 according to the far-field scattering measurements.
The helicoid surface structure of the GNH is responsible for the mea-
sured wide hybrid peak, leading to the broadening of the SPmode and
a larger γp. The observed splitting and anticrossing between the two
energy branches suggest the strong coupling effect in the near field

and help us better understand the nature of our CP-resolved time-
integrated PL and ultrafast decay dynamics experiments.

Mode-dependent enhancement and distribution of local optical
chirality
The near-field optical chirality of the GNH structure is analyzed
through simulations to elucidate the strong coupling phenomenon.
The superchiral field and its interaction with light are quantified using
the concept of local optical chirality28,39,40. Derived as a pseudoscalar
based on time and parity symmetry, the near-field distribution of
optical chirality is expressed asCðrÞ= � ε0ω

2 Im½E*ðrÞ � BðrÞ�, where ε0,ω,
E and B are the permittivity of the vacuum, angular frequency, electric
field and magnetic flux density, respectively. This term has been
interpreted as an intrinsic physical quantity that can be transferred
(dissipated) to discrete objects41, which can account for the observed
selective coupling between the GNH and MoS2.

The integration of the optical chirality enhancement C/C0 at dif-
ferent wavelengths is calculated and plotted as red connected dots in
Fig. 3a, where C0 is the optical chirality of circularly polarized light
without the presence of the GNH. The spatial distributions of optical
chirality at different wavelengths are plotted in Fig. 3b, d, showing
highly energy-dependent properties in the near field. The plasmon
resonance mode corresponding to Fig. 3d demonstrates strong and
localizedoptical chirality, with the energy ideal for couplingwith valley
excitons in monolayer MoS2. The unique helicoid surface structure
provides optimal conditions for selective coupling.

Valley energy splitting induced by selective Rabi splitting
The lower polariton emission often dominates the PL in the strong
coupling regime due to energy relaxation and dynamic population
transfer, favoring the lower energy branch42,43. As the selective cou-
pling inflicts different coupling strengths on the two valleys, it should
also result in different energy splittings.Wemeasured the CP-resolved
PL spectra of pristine monolayer MoS2 and GNH-MoS2 coupling sys-
tems with different DCP enhancement. The PL spectra can be con-
sidered as the combined emission from the lower polariton and the
pristine A-exciton, and the components are recognized via two Lor-
entzian fittings. As shown in Fig. 4a, the lower-polariton emission
(green fits; bottom three panels) exhibits a pronounced polarization-
and sample-dependent energy shift: the redshift varies not only among
different samples with different PL DCP, but also between the K and K0

valley emissions within the same sample. This behavior is consistent
with valley-selective strong coupling, which induces different polar-
iton splittings and therefore different lower-polariton energies. By
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Fig. 2 | Ultrafast characterization of the valley depolarization process. Decay
dynamics of the A-exciton measured at a off-GNH and b on-GNHMoS2 monolayer,
probedwithRCP (σ+ , green) andLCP (σ− , red) laser. The bold solid curves in a and
b indicate calculated decay dynamics of the A-exciton in the K (dark green) and K0

(dark red) valleys based on our theoretical model. The valley-selective coupling

strength g(K) and gðK0Þ are the parameters applied in our calculations. c DCP
evolution over time. Scatter points: time-resolved DCP of the valley A-exciton
density extracted from the measured decay dynamics in a and b. The solid curves
are fitting results using the exponential decay function.
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contrast, the A-exciton emission (gray fits) remains unchanged across
polarizations and samples, as it is affected by the Purcell effect in the
weak coupling regime.

The mechanism can be illustrated by Fig. 4b, in which stronger
coupling is induced in the K valley, and as a result, the LPB of the K
valley is lower than thatof theK0 valley. The relationbetween the valley
splitting and PL DCP is plotted in Fig. 4c with a linear dependence,
where the largest splitting of 19.6 meV between the two valleys is
achieved. The error bars represent the Lorenzian fitting errors. In
previous studies, such a giant valley splitting can be realized by
applying an external magnetic field as large as 60 T44 or a smaller
magnetic field with magnetic proximity effect45. In our work, we
demonstrate such a significant breaking of the energy degeneracy of K
and K0 valleys by plasmon-exciton selective strong coupling.

Another important degree of freedom in this system is the reso-
nance detuning between the SP mode and the exciton. The inset of
Fig. 4c compares experimentally measured DCP from GNH-MoS2 sys-
tems across various SP modes (green dots) to theoretical predictions
from exciton population dynamics (Fig. S13), adjusted by a linear
correction factor. Remarkably, reducing the energy detuning from 69
to 1meV significantly increases DCP from0.12 to 0.42 and enhances PL
intensity fourfold, identifying DCP as an important energy-detuning-
dependent parameter.

Discussion
Our results chart a practical path to ambient-condition valleytronics by
co-realizing a field-free giant K=K0 splitting and a markedly extended
valley depolarization time in a single-particle chiral plasmon-exciton
platform. The longer depolarization time directly translates into more
durable retention of valley pseudospin information, while detuning
provides an efficient lever for controlling PL intensity and DCP-
enabling compact, energy-efficient valley gating and routing without

cryogenics or magnetic fields. This co-realization surpasses weak-
coupling or purely dielectric strategies that either accelerate decay or
leave K=K0 degenerate15,17–21, and rivals magnetic approaches in
magnitude44,45 while remaining on-chip. These findings reveal chiral,
frequency-locked read-out with effective brightening, which could
enable robust pseudospin memory, valley-addressable modulators,
and low-threshold valley-polarized emitters under ambient conditions.

In summary, we have demonstrated valley-selective strong cou-
pling between the chiral plasmonic resonances of the GNH and valley
excitons in monolayer MoS2. This coupling gives rise to two central
findings: a pronounced valley energy splitting of approximately 19
meV and a significantly prolonged valley lifetime, experimentally
confirmed through steady-state PL and time-resolved TR measure-
ments. Supporting calculations reveal asymmetric coupling strengths
to the K and K0 valleys and clarify the role of localized chiral near fields
in lifting valley degeneracy and stabilizing valley exciton population
imbalance. These results provide a compelling route towards dynamic
and room-temperature control of valley-polarized emission in 2D
semiconductors via chiral nanophotonics, presenting a novel per-
spective for analyzing plasmon-exciton coupling in the field of val-
leytronics in TMDs.

Methods
Sample preparation
Helical Au nanoparticles were synthesized via a modified seed-
mediated protocol adapted from Lee et al.26. Briefly, Au seeds were
produced by NaBH4 reduction of HAuCl4 in cetrimonium bromide
(CTAB), diluted, and used to growCTAB-stabilized cubic seeds. Helical
growth was then performed in a CTAB/HAuCl4/amino-acid solution,
initiated by L-glutathione and the cubic seeds, followed by incubation
at 30 ∘C for ~ 2 h; products were purified by centrifugation and
redispersed in 1 mM CTAB. During the synthesis, the seed size, amino-
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acid concentration, and growth time were adjusted to tune the plas-
monic resonance and circular dichroism near the MoS2 A-exciton. Full
reagent concentrations and volumes are provided in the SI Section
I Part A.

Monolayer MoS2 was prepared by mechanically exfoliating bulk
MoS2 crystals (HQ Graphene) using the standard “Scotch tape”
method. Briefly, a small piece of bulk crystal was placed on adhesive
tape, which was then repeatedly folded and peeled to thin from the
flakes. The tape was subsequently pressed onto a clean poly-
dimethylsiloxane (PDMS) film and swiftly peeled off, leaving mono-
layers ofMoS2 on the surfaceof the PDMSstamp. Eventually, the PDMS
stampwas carefully pressed onto a Si substrate coated with 200 nmof
SiO2 andpeeled off. The resultingMoS2monolayers on the Si substrate
were first identified under an optical microscope and subsequently
verified using fluorescence and Raman microspectroscopy.

The as-synthesized GNH solution was diluted with deionized
water (1:80), centrifuged at 350 g for 120-180 s, and the supernatant
was removed. The centrifugation time was varied to control the
thickness of the CTAB layer on GNHs, with longer times resulting in a
reduced GNH-MoS2 distance in the final sample. The precipitate was
redispersed in deionized water (1:40), sonicated for 8 min to ensure
single-particle dispersion, and finally aqueous dispersions of GNHs
were drop-casted onto theMoS2monolayers to construct the coupled
system.

Optical measurements
The GNHs were first evenly dispersed in water using ultrasonic vibra-
tion, and their absorption and circular dichroism (CD) spectra were
thenmeasuredwith a JASCO J-1500CDSpectrometer. Themicroscopic
dark-field scattering, Raman scattering, photoluminescence (PL), and
transient reflectivity (TR) spectra were measured using a home-built
polarization-resolved microscopic system. The microscopic system
was customized based on an Olympus BX51 upright fluorescence
microscope with additional non-polarizing modules and half-
waveplates (AHWP05M-580, THORLABS) to ensure minimal polariza-
tion distortion induced by the beam splitters. The optical signal was
collected with an objective lens (Olympus MPlan 100 ×/0.80 BD) and
analyzed through a monochrometer (Andor SR-500i) directly through
a free-space light setup.

TR measurements were carried out using a custom-built narrow-
bandmicroscopic TR setup equipped with computer-controlled Galvo
mirrors to ensure precise spatial overlap between the tightly focused
pump and probe beams. Ultrafast laser pulses were provided by a
CoherentChameleonUltra II Ti:sapphire laser system,delivering 140 fs
pulses at an 80MHz repetition rate. The fundamental output was
coupled into an optical parametric oscillator (OPO) to generate tun-
able probe wavelengths. In the present measurements, photon ener-
gies of 2.85 eV and 1.85 eV were selected for the pump and probe
beams, respectively. The system enables valley addressability and
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temporal resolution of exciton dynamics in the studied monolayer
samples, with the pump-probe delay controlled by amotorized optical
delay line. The pump and probe beams were first guided with high-
precision galvo lens for spatial overlap and then tightly focused by the
objective lens (Olympus MPlan 100 × /0.80 BD) to a spot size of
0.8 μm2, with power fluences of 8 μJ/cm2 and 0.8μJ/cm2, respec-
tively. (Fig. 2).

Theoretical calculations
We model the monolayer TMD coupled to a chiral single-mode cavity
using aminimal exciton-photon Hamiltonian that includes bright/dark
A,B excitons in both valleys and their long-range electron-hole
exchange (full matrices in SI). Light-matter coupling is valley-selective
(RCP → K, LCP ! K0) and treated within the rotating-wave approx-
imation; in the final model only the A-exciton couples to the cavity
mode, the cavity’s chirality enters through unequal couplings
(g+1 ≠ g−1):

V =ℏ
X
τ = ± 1

gτ By
A, τaτ +BA, τa

y
τ

� �
: ð3Þ

Dissipation and bright ↔ dark interconversion are captured by a
secular Lindblad master equation with radiative decay and chiral-
phonon-assisted spin flips,

_ρ = � i
ℏ
½HT,ρ� + Lρ, ð4Þ

where L is the Lindblad superoperator. Numerical spectra for TR are
obtained from the third-order response in the short-pulse/dipole limit
by propagating populations with the rate matrix extracted from the
Liouvillian. For calculation details, all parameters used in simulations
and the explicit exchange blocks are listed in Section II of the
Supplementary.

Data availability
The collected data that support the findings of this study are available
upon request from the corresponding author (D.L.).
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